HMWP1 and HMWP2 are large (Ͼ200-kDa) proteins which are produced in considerably increased amounts by highly pathogenic Yersinia enterocolitica, Y. pestis, and Y. pseudotuberculosis during growth in iron-depleted medium (5) . Both proteins were found in the particulate fraction of sonicated cells and remained insoluble after extraction with the detergent Triton X-100 (3). This criterion is usually accepted to indicate that a protein is located in the outer membrane (14) . However, subsequent studies (8) revealed that sonication provokes the formation of intermolecular disulfide bonds in HMWP2, the product of the irp2 gene, resulting in the formation of Tritoninsoluble aggregates (8) . Furthermore, HMWP2 does not have an amino-terminal signal peptide-like sequence (8) characteristically found in all known outer membrane proteins (12) . Instead, the protein has two short stretches of mainly hydrophobic amino acids (residues 630 to 648 [H1] and residues 1729 to 1744 [H2]) which might promote its insertion into and determine a specific topology in the cytoplasmic membrane (8) . Furthermore, long stretches of the sequence of HMWP2 are highly similar to the sequences of a large family of ATPdependent and presumably cytoplasmic proteins involved in nonribosomal peptide synthesis (8) . The P loop of the putative ATP binding site and the presumed substrate binding site, which must both face the cytoplasm, are located between segments H1 and H2. If both H1 and H2 do indeed span the cytoplasmic membrane, the N-and C-terminal regions both face the periplasm, with the large central domain between the two hydrophobic segments facing the cytoplasm. Such a topology would be similar to that of the Escherichia coli leader peptidase (Lep) (1) except that HMWP2 is considerably larger and that Lep has only a short stretch of mainly hydrophylic amino acids at the N-terminal side of its H1 segment. The distribution of positively charged amino acids on each side of the hydrophobic segments (positively charged residues predominantly on the C-terminal side of H1 and on the N-terminal side of H2) would also be consistent with such a topology, as predicted by the so-called positive-inside rule (1, 16) .
Two different approaches were used to determine whether HMWP2 is indeed an exported protein that could be located in the cytoplasmic membrane. First, we used TnphoA mutagenesis to create a number of irp2-phoA gene fusions on a multicopy number plasmid. Some of these gene fusions encoded active alkaline phosphatase, indicating that the sequence of HMWP2 does indeed include a segment capable of promoting protein export. PhoA export was shown to depend exclusively on the presence of the H2 segment. We then determined conditions under which HMWP2 did not form disulfide-bonded aggregates when the cells were disrupted, and we applied classical fractionation techniques to determine its subcellular location. The data lead us to propose that HMWP2 is in fact a predominantly soluble cytoplasmic protein with a cryptic internal export signal that can be activated when fused to alkaline phosphatase.
MATERIALS AND METHODS
Bacterial strains and growth media. The Y. pseudotuberculosis strains used were the wild-type IP32790 (Institut Pasteur, Paris) and the H Ϫ strain lacking HMWP1 and HMWP2 as a result of an insertion in the irp2 gene (4) . The E. coli K-12 strains used were DH5␣, RYC726 (⌬phoA; a gift from F. Moreno), MC4100 (15) , and PAP152 (phoS; constitutive for phoA gene expression). Plasmid pIR2 carrying the cloned irp2 gene was as described previously (4) .
Growth in Casamino Acids-minimal medium under iron starvation conditions was as described previously (5) . In experiments involving radiolabelling with [
35 S]methionine (see below), Casamino Acids were replaced by a mixture of all amino acids except methionine, each at final concentration of 0.1 g/ml. L-broth and L-agar media used to grow E. coli were as described by Miller (10) . Trypticase soya agar (Difco) was used to grow Y. pseudotuberculosis. Cultures of E. coli and Y. pseudotuberculosis were grown at 37 and 26ЊC, respectively. The antibiotics ampicillin and kanamycin were used at 100 and 50 g/ml, respectively, unless otherwise stated. 5-Bromo-4-chloro-3-indolyl phosphate (XP) and isopropyl-␤-D-thiogalactoside (IPTG) were used at 0.2 and 1 mg/ml, respectively.
Plasmid constructions. Plasmids were prepared for restriction endonuclease analysis and transformation as described by Birnboim and Doly (2). Electroporation was carried out as described by Conchas and Carniel (6) . Nucleotide sequences were determined by the chain termination procedure with T7 DNA polymerase. The templates were alkali-denatured plasmids prepared as described above. The oligonucleotide used (5Ј-CGCCCTGAGCAGCCCGG-3Ј) hybridizes with the 5Ј end of the phoA gene in TnphoA.
phoA gene fusions in pIR2 were constructed by insertion of TnphoA (9). Cultures of E. coli(pIR2) were infected with bacteriophage carrying TnphoA (9) and then divided into small aliquots, which were grown first in L broth containing 50 g of kanamycin per ml and then in L broth containing 0.3 mg of kanamycin per ml. Plasmids extracted from these cultures were transformed into E. coli RYC726 or DH5␣, which were then plated on L agar containing XP, kanamycin, and ampicillin. Both blue (PhoA ϩ ) and white (PhoA Ϫ ) colonies were selected for further analysis. Plasmid DNA extracted from the PhoA ϩ clones was subjected to restriction analysis, and the junction between irp2 and TnphoA was sequenced. The PhoA Ϫ clones grown as colonies on nitrocellulose filters were probed (13) with rabbit antiserum specific for E. coli alkaline phosphatase. Clones which reacted with this antiserum were assumed to contain in-frame irp2-phoA gene fusions encoding inactive PhoA. Plasmid DNA extracted from these clones was subjected to restriction analysis, and the junction between irp2 and TnphoA was sequenced. The E2 gene fusion was constructed by subcloning a BstYI-BglII fragment from pIR2 carrying the irp2-phoA gene fusion E into pUC9 cleaved with BamHI. The presence of irp2-and phoA-derived sequences was confirmed by restriction mapping and by the presence in cell extracts of a protein which reacted with antiserum specific for PhoA. The selected clone was verified by sequencing. The E1 gene fusion was constructed in a similar fashion except that the fragment was excised with EagI and BglII and cloned into HincII-BamHI-cleaved pUC19. In both cases, the plasmid carries an in-frame lacZ-irp2-phoA gene fusion in which the lacZ sequences are derived from the first few codons of the lacZ␣ open reading frame and polylinker in the vector DNA.
SDS-PAGE and immunoblotting. Total cell extracts were prepared for analysis by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) by resuspending the cells in sample buffer (2% SDS, 2.5% 2-mercaptoethanol, 15% glycerol, 0.125 M Tris [pH 6.8]) and heating to 100ЊC for 5 min. The gels contained 7.5, 9, or 10% acrylamide. After electrophoresis, proteins were either stained with Coomassie blue or electrotransferred onto nitrocellulose sheets, which were then incubated first with mouse antiserum specific for HMWP1 and HMWP2 or with rabbit antiserum specific for PhoA (both antisera were diluted 1:1,000) and then with alkaline phosphatase-coupled antiserum against mouse or rabbit immunoglobulin G, as appropriate. The blots were then developed with nitroblue tetrazolium and XP.
Radiolabelling and immunoprecipitation. Iron-starved cultures (5 ml at an optical density at 600 nm of 0.5) of strains carrying selected irp2-phoA gene fusions were labelled with 50 Ci of [ 35 S]methionine per ml for 2 min at 37ЊC. Further incorporation was halted by the addition of unlabelled methionine (0.1 g/ml) and chloramphenicol (25 g/ml), incubation was continued, and samples were withdrawn into trichloroacetic acid (TCA; final concentration, 10%). Precipitated proteins collected by centrifugation were resuspended in 50 l of 0.5% SDS in 100 mM Tris HCl (pH 7.5) and heated to 100ЊC for 5 min. The solubilized proteins were diluted in 1 ml of 50 mM Tris HCl (pH 7.5) buffer containing 2% Triton X-100, 150 mM NaCl, and 2 l of antiserum specific for E. coli PhoA protein and incubated for 30 min at 37ЊC. Immunoglobulins and bound proteins were collected on protein A-Sepharose 4B beads (Pharmacia), dissolved in SDS-PAGE sample buffer, and examined by SDS-PAGE as described above. The dried gel was exposed to Kodak X-Omat film to reveal the positions of the immunoprecipitated labelled proteins.
Alkaline phosphatase assays. Alkaline phosphatase was assayed by using the chromogenic substrate p-nitrophenyl phosphate (9) . Activities are expressed as arbitrary units per milligram of cell protein. Specific activities were estimated on the basis of an enzyme-linked immunosorbent assay (ELISA) using antibodies specific for PhoA protein to determine the amount of immunoreactive protein in the cell extracts.
Fractionation. Spheroplasts were prepared from exponentially growing cells as described previously (12) . For the analysis of membrane fractions, bacteria resuspended in 25 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) were disrupted in a French pressure cell at 41,400 kPa. Low-speed centrifugation was used to remove unbroken cells. Membranes were collected by centrifugation at 4ЊC in a fixed-angle rotor (Beckman Ti 75) at 46,000 ϫ g for 1 h or in a swing-out rotor (Beckman SW41) for 2 h at 120,000 ϫ g with or without a 65% sucrose cushion (0.7 ml) at the bottom of the tube. In some cases, the 65% sucrose cushion was overlaid with a 5-ml layer of 25% sucrose, and the tubes were centrifuged at 120,000 ϫ g for 3 h. For analysis on sucrose gradients, nonsedimentable material was concentrated in an Amicon Centricon unit. All other details of the analysis in flotation gradients were as described by Possot and Pugsley (11) . The cytoplasmic membrane-associated enzyme NADH oxidase was assayed as described by Possot and Pugsley (11) , and an unknown Y. pseudotuberculosis cytoplasmic enzyme capable of hydrolyzing O-nitrophenyl-␤-D-galactopyranoside (ONPG) (referred to here as ONPG hydrolase) was assayed essentially according to the ␤-galactosidase assay described by Miller (10) .
RESULTS
irp2-phoA gene fusions. To determine whether HMWP2 contains segments capable of promoting export, we used transposon TnphoA to create 35 random pools of irp2-phoA gene fusions in pIR2. The rationale behind this experiment was that only gene fusions encoding hybrids which exposed the phoAencoded alkaline phosphatase (PhoA) segment in the periplasm would produce active alkaline phosphatase. These clones can be readily detected on XP indicator plates (9) . Only three of the pools produced blue (PhoA ϩ ) colonies on XP plates when electroporated into E. coli RYC726 (⌬phoA). Plasmids from three independent PhoA ϩ clones were mapped with restriction endonucleases and then sequenced to locate the junction between irp2 and phoA. In one case (E), phoA was fused to irp2 after codon 1751 (see reference 8 for sequence), while in the other two cases (C and D), phoA was fused after codon 1753 (Fig. 1A ). In the hybrid proteins predicted to be encoded by these gene fusions, PhoA sequences are located seven (hybrid E) or nine (hybrids C and D) amino acids downstream from the H2 segment of HMWP2 (Fig. 1B) .
White colonies from XP plates were subjected to immunoblotting with antiPhoA serum to detect irp2-phoA gene fusions coding for inactive PhoA hybrids, in which the PhoA segment presumably faces the cytoplasm (9). Plasmids in clones in which the PhoA polypeptide was detected by this method were mapped with restriction endonucleases and, in some cases, were sequenced to locate the irp2-phoA fusion site. In three cases (hybrids H, I, and J in Fig. 1A ), PhoA was fused to HMWP2 upstream from segment H1; in two cases (hybrids G and F), the HMWP2-PhoA junction was situated between H1 and H2, and in two others (hybrids A and B in Fig. 1A ), PhoA was fused to HMWP2 downstream from segment H2. These results suggested that at least the N-terminal half (upstream from segment H2 and possibly extending upstream from segment H1) and the 249-amino-acid C-terminal region of HMWP2 might face the cytoplasm (but see below). The region of HMWP2 between fusion site B and fusion sites C, D, and E does not contain a segment considered to be sufficiently hydrophobic to span a lipid bilayer (see reference 8 for sequence).
HMWP2-PhoA hybrid proteins in E. coli. SDS-PAGE and immunoblotting were used to analyze the protein content of E. coli clones carrying the PhoA ϩ or PhoA Ϫ gene fusion plasmids when grown under iron limitation conditions. All 10 strains produced a hybrid protein which was readily detected by staining the SDS-polyacrylamide gel with Coomassie blue ( Fig. 2A) and which was specifically recognized by the PhoA-specific antiserum, although hybrid G reacted only weakly (Fig. 2B) . In all cases, the hybrid protein was the size predicted from the location of the irp2-phoA junction (Fig. 1A) . Degradation products were also detected in every case. These were particularly pronounced in the three PhoA ϩ strains, in which the major presumed degradation product of approximately 50 kDa was slightly larger than native, mature alkaline phosphatase (Fig. 2B ). This 50-kDa protein was present in much lower amounts in extracts of cells producing the B hybrid and was apparently absent from extracts containing the other PhoA hybrids. All full-length hybrids except I and J were also recognized by an antiserum raised against a mixture of HMWP1 and HMWP2 (not shown). Relatively few breakdown products appeared to be recognized by this antiserum. Specific alkaline phosphatase activities of hybrids B, E, and F produced by iron-starved cells were compared with that of native alkaline phosphatase constitutively produced by E. coli PAP152. Initial experiments in which activity was expressed as units per milligram of cell protein indicated that only hybrid E was enzymatically active (Table 1) . However, these values might be misleading since they do not take into account the differences in levels of hybrid protein present in the cells. To circumvent this problem, we also determined the relative amounts of PhoA polypeptide in the cells by an ELISA using antiserum specific for PhoA. These data confirmed that the enzymatic activity of hybrid E was close to that of native alkaline phosphatase. Hybrid F was completely inactive, but low levels of activity were detected in cells producing hybrid B (Table 1 ). Other assays indicated that the enzymatic activities of hybrids C and D were close to that of hybrid E and that hybrids A, G, H, I, and J were completely inactive (data not shown).
The low specific activity of hybrid B could be due to its instability. We therefore compared the levels of synthesis and degradation of [ 35 S]methionine-labelled hybrids B, E, and F by immunoprecipitation. As shown in Fig. 3 , hybrid E is almost completely degraded to the 50-kDa polypeptide within the 2-min labelling period. Hybrid F seems to be perfectly stable, whereas hybrid B is slowly degraded to a ca. 50-kDa polypeptide. Indeed, this breakdown product could represent all of the enzymatically active material produced by strains carrying this gene fusion. Under steady-state conditions (Fig. 2) , the fulllength hybrid is more abundant than the breakdown product, whereas the results of the pulse-chase experiment indicate that a relatively small proportion of the full-length hybrid remains intact after 60 min. Thus, a small fraction of the hybrid B polypeptides produced might have the PhoA moiety exposed on the periplasmic side of the cytoplasmic membrane, where it is processed by an endogenous protease, while the remaining (enzymatically inactive) molecules remain intact. Results of an experiment described below indicate that the nondegraded forms of both hybrids B and E are in the particulate (presumably membrane) fraction of the cells.
These data seemed to indicate that the H2 segment could promote PhoA export but that its ability to do so might be context dependent. To determine whether this segment was alone sufficient to promote PhoA export, we created truncated variants lacking segments of HMWP2 upstream from it. To do this, irp2-phoA gene fusion E was cleaved with restriction endonucleases which cut within the irp2 part of the gene fusion and downstream from phoA and then ligated the resulting fragment into the polylinker of pUC plasmids to create lacZЈ-Јirp2Ј-ЈphoA gene fusions in which an internal segment of the irp2 gene was in frame with the first few amino acids of vectorencoded LacZ (see Materials and Methods). By this method, we created two novel hybrid proteins (E1 and E2), both of which contained the H2 segment of HMWP2 (Fig. 1B) . Both hybrids had alkaline phosphatase activities similar to that of hybrid E. The shorter hybrid (E1) contained only 24 amino acids derived from HMWP2, including the complete H2 segment (Fig. 1B) . Thus, we conclude that PhoA export can be promoted by the H2 segment alone.
Examination of the truncated hybrids by immunoblotting with PhoA-specific antiserum revealed that cells producing the E1 hybrid contained a prominent polypeptide of approximately 50 kDa which could correspond to the full-length or near-fulllength hybrid. Only the full-length (approximately 65-kDa) hybrid was detected in the case of the E2 hybrid (data not shown). Thus, this hybrid, which has approximately the same alkaline phosphatase activity as all of the other highly active PhoA hybrids studied (not shown), is not susceptible to proteolysis by endogenous proteases (data not shown).
HMWP2-PhoA hybrids in Y. pseudotuberculosis. Because the behavior of the PhoA hybrids in Yersinia spp. might be different from that in E. coli, two representative gene fusions (B and E) carried by pUC18 derivatives were transferred into Y. pseudotuberculosis H Ϫ by electroporation (this strain lacks HMWP1 and HMWP2 because of a mutation in irp2 [4] ). Only clones carrying the E gene fusion produced blue colonies on XP plates, indicating that the export signal in HMWP2 also functions in Yersinia spp. After growth under iron starvation conditions, both transformants were found to contain the predicted hybrid protein which reacted with both PhoA-and HMWPs-specific antisera (data not shown). Numerous breakdown products were again detected, but only the transformant producing hybrid E contained large amounts of the approximately 50-kDa breakdown product. The amount of the hybrid protein produced by the Y. pseudotuberculosis H Ϫ transformants was at least as great as in E. coli carrying the same plasmid and was also comparable to the amount of HMWP2 produced by the same strain carrying the native irp2 gene in a pUC18 derivative (Fig. 4) .
Subcellular location of the PhoA hybrids. In E. coli strains producing hybrid E, the major 50-kDa polypeptide which re- acted with the PhoA-specific antiserum was liberated, together with over 95% of the alkaline phosphatase activity, by converting the cells to spheroplasts (Fig. 5 ). This finding indicates that the presumed breakdown product is located in the periplasm. In contrast, the full-length hybrid remained associated with the spheroplasts, indicating that it is not a soluble periplasmic protein (Fig. 5 ). Full-length hybrid E which resisted attack by endogenous proteases was not further degraded when proteinase K was added to the spheroplasts, whereas the major 50-kDa polypeptide was cleaved by the protease to give a slightly smaller product (Fig. 5) . This result could indicate that the full-length hybrid E is not exposed on the periplasmic side of the membrane (see Discussion).
To determine whether the full-length hybrid was indeed membrane associated in E. coli, we ruptured the bacteria in a French pressure cell (this procedure does not induce intermolecular disulfide bond formation in HMWP2; see below) and separated the particulate (membrane) and soluble proteins by ultracentrifugation. The level of contamination of the soluble fraction by membrane proteins, as determined by measuring the activity of the cytoplasmic membrane marker NADH oxidase, was Ͻ15% (data not shown). Both intact hybrids E and B were mainly found in the particulate matter after centrifugation, whereas the soluble 50-kDa presumed breakdown product was located in the soluble fraction (Fig. 6) , as expected from its periplasmic location (Fig. 5) . It is noteworthy that several of the apparently soluble proteins, notably the band marked by an asterisk in Fig. 6A , remained in the supernatant fraction when centrifugation was performed without a sucrose cushion but were considerably enriched in the particulate fraction when proteins were sedimented onto a 65% sucrose cushion. This and other proteins which behaved in this way are probably present in large protein complexes. The observation that full-length hybrids B and E are found in the particulate fraction irrespective of the g force applied or the presence of a sucrose cushion strengthens the idea that they either are in very large protein aggregates or are indeed membrane associated.
We also studied the locations of the hybrid proteins in Y. pseudotuberculosis H Ϫ . In this case, a greater proportion of the full-length hybrids was recovered from the soluble fraction (approximately 30% of hybrid E and 60% of hybrid B were detected in the soluble fraction after centrifugation at 46,000 ϫ g for 60 min). In both cases, the 50-kDa presumed breakdown product was found almost exclusively in the soluble fraction (data not shown).
Subcellular location of HMWP2. The possible association of HMWP2 with the cytoplasmic membrane was tested directly by classical subcellular fractionation. When lysates obtained by disrupting E. coli(pIR2) or Y. pseudotuberculosis H Ϫ (pIR2) in a French press were centrifuged through a 25% sucrose layer onto a 65% sucrose cushion at 120,000 ϫ g for 3 h, less than 10% of the HMWP2 was recovered together with the membrane proteins at the interface between the 25 and 65% sucrose layers [see Fig. 7 for data for E. coli(pIR2); data for Y. pseudotuberculosis H Ϫ (pIR2) not shown]. The rest of the HMWP2 was approximately equally distributed between the 25% sucrose layer and the supernatant fraction (Fig. 7 and data not shown). However, the 25% sucrose phase was found FIG. 5 . Release of HMWP2-PhoA hybrid protein E and its accessibility to proteinase K in spheroplasts prepared from E. coli carrying pIR2-PhoA(E). Cells were converted to spheroplasts and then incubated with or without proteinase K (50 g/ml for 30 min at 37ЊC). Proteins in a sample of the suspension (total) were then precipitated by adding TCA to 15%. The rest of the suspension was centrifuged to obtain a pellet fraction corresponding to the spheroplasts and a supernatant fraction corresponding to the released periplasm. Proteins in both of these fractions were likewise precipitated with TCA. Precipitated proteins were resuspended in SDS-PAGE sample buffer, separated by SDS-PAGE on a 7.5% acrylamide gel, electroblotted onto nitrocellulose, and labelled with PhoA-specific antiserum. Positions (in kilodaltons) of molecular size markers are indicated. 
. Material released by disrupting the bacteria in a French pressure cell was centrifuged for 1 h at 46,000 ϫ g (technique a), for 2 h at 120,000 ϫ g (technique b), or for 2 h at 120,000 ϫ g onto a 65% sucrose cushion (technique c). The proteins in the supernatant fraction (soluble proteins [S] ) and in the particulate material (P) in the pellet (techniques a and b) or on the 65% sucrose cushion (technique c) were dissolved in SDS-PAGE sample buffer, separated by electrophoresis through a 7.5% polyacrylamide gel, and then either stained with Coomassie blue (A) or electroblotted onto a nitrocellulose sheet which was developed with PhoAspecific antiserum (B). The lanes marked T were loaded with total protein extract. The particulate material loaded on the gel was concentrated twofold relative to the soluble material. Note that some proteins (e.g., the protein labeled ‫)ء‬ are recovered from the soluble fraction when centrifuged briefly at lower g forces and from the particular fraction when higher g forces are used or when proteins are sedimented onto a sucrose cushion. The control lane was loaded with an extract of E. coli PAP152, which produces mature PhoA protein constitutively. The positions of PhoA produced by this strain, of the full-length HMWP2-PhoA hybrids, and of the molecular size standards (in kilodaltons) are indicated at the left.
to contain some membrane proteins (e.g., 24% of the cytoplasmic membrane-derived NADH oxidase) as well as soluble proteins (Fig. 7) . Therefore, material in each of the three fractions was subjected to flotation centrifugation through a sucrose gradient. The results showed that all of the HMWP2 recovered from the supernatant fraction and approximately 80% of the protein recovered from the 25% sucrose layer remained at the bottom of the gradient, indicating that it is not membrane associated. The remainder of the HMWP2 recovered from the 25% sucrose layer floated up the gradient to form a peak in fractions containing 45 to 51% sucrose, quite distinct from the fractions from which either outer membrane proteins (53 to 60% sucrose) or the cytoplasmic membrane NADH oxidase (36 to 42% sucrose) were recovered. Interestingly, the fractions containing 45 to 51% sucrose, which were almost totally devoid of proteins other than HMWP2, contained an unidentified white opaque material which might represent macromolecular aggregates to which HMWP2 became associated when it was extracted from cells in which it is produced at high levels. HMWP2 in the particulate fraction remained close to the bottom of the gradient, suggesting that it is in large aggregates or, less likely, outer membrane associated (data not shown). Altogether, these results suggest that the bulk of HMWP2 remains soluble when it is produced in large amounts by E. coli or Y. pseudotuberculosis H Ϫ carrying pIR2. Subcellular localization of HMWP1 and HMWP2 in wildtype Y. pseudotuberculosis. The experiments described above gave conflicting results on the location of HMWP2 (soluble) and HMWP2-PhoA hybrids (membrane associated or aggregated) when they are produced in large amounts by E. coli or by Y. pseudotuberculosis H Ϫ . We therefore examined the subcellular location of HMWP1 and HMWP2 in wild-type Y. pseudotuberculosis, using the same techniques as described above. Ultracentrifugation of French press lysates of this bacterium at 120,000 ϫ g for 2 h resulted in the recovery of Ͼ90% of the HMWP1 and HMWP2 in the soluble fraction (data not shown) and of 94% of the NADH oxidase in the pellet (membrane) fraction. This finding suggests that the bulk of the HMWP1 and -2 is in the soluble fraction in this bacterium. Likewise, ultracentrifugation under the same conditions through a 25% sucrose layer onto a 65% sucrose cushion resulted in the recovery of only 5 to 10% of HMWP1 and -2 from the 25 to 65% sucrose interface and the 25% sucrose layer (data not shown). This finding suggests that the bulk of HMWP1 and -2 is soluble, although small amounts might be membrane associated (see Discussion).
Extracts of Y. pseudotuberculosis cells were separated into different fractions as described above and then further separated by flotation through sucrose gradients. As expected, HMWP1 and HMWP2 in the supernatant fraction obtained by ultracentrifugation in the absence of the sucrose cushion remained entirely at the bottom of the gradient, together with all other soluble proteins in the material loaded (Fig. 8) . Likewise, the HMWP1 and HMWP2 recovered in the 25% sucrose fraction or in the 25 to 65% sucrose interface remained mainly at the bottom of the gradient, although small amounts were recovered from the top of the gradient in fractions which also contained all of the NADH oxidase activity present in the loaded material (Fig. 9) .
DISCUSSION
The data presented in this report and previously give conflicting indications as to the likely subcellular location of the iron starvation-inducible HMWP2 protein in Yersinia spp. Here we discuss the interpretation of each set of data in light of the overall results obtained and try to provide explanations for those cases in which individual data do not agree with our overall proposal that HMWP2 is mainly, if not exclusively, a soluble cytoplasmic protein.
The earliest data pertaining to the location of HMWP2 showed that it was insoluble in the detergent Triton X-100, suggesting that it might be located in the outer membrane. The protein was not accessible to external protease and could not FIG. 7 . Separation of soluble and particulate fractions from French pressdisrupted E. coli(pIR2). Separation was achieved by centrifugation for 3 h at 120,000 ϫ g through a 25% sucrose layer onto a 65% sucrose cushion. Proteins from the unfractionated extract (total) and proteins recovered from the supernatant (soluble) fraction, from the 25% sucrose layer, and from the particulate matter at the 65% sucrose interface were dissolved in SDS-PAGE sample buffer, separated by electrophoresis through a 9% polyacrylamide gel, and then stained with Coomassie blue. The particulate and the 25% sucrose layer material loaded on the gel were concentrated twofold relative to the soluble material. The positions of HMWP2 and of molecular size markers (in kilodaltons) are indicated. 
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YERSINIA PROTEIN HMWP2 1785 be iodinated in whole cells, however (3), indicating that if it was indeed outer membrane associated, then little or none of the polypeptide was exposed on the cell surface. Subsequent data suggested that HMWP2 does not have a signal peptide and that it forms Triton-insoluble aggregates only when cells are sonicated (8) . Nevertheless, we could not totally exclude the possibility that HMWP2 is a novel kind of outer membrane protein whose export is signal peptide independent. Here we have shown that HMWP2 does not form large aggregates when cells are disrupted in a French pressure cell. Irrespective of the bacteria used [E. coli(pIR2), Y. pseudotuberculosis H Ϫ (pIR2), or wild-type Y. pseudotuberculosis], very little HMWP2 was recovered from fractions containing the bulk of authentic membrane proteins. Furthermore, the small amount of HMWP2 that could be recovered together with the membranes could be partially or completely separated from the outer membrane by flotation through centrifuged sucrose gradients (Fig. 9) . Thus, we did not obtain any evidence that HMWP2 is an integral outer membrane protein. The low levels of apparently membrane-associated HMWP2 might result from aggregation of the protein together with membrane-derived material during lysis and fractionation, especially when the protein was produced in very large amounts.
The presence of two hydrophobic segments (H1 and H2) in the predicted sequence of HMWP2, and the distribution of positively charged amino acids at the extremities of these segments (8) , suggested that the polypeptide might be anchored in the cytoplasmic membrane. According the experimentally verified rules governing the topology of integral cytoplasmic membrane proteins (1, 16) , its N-and C-terminal regions would be exposed in the periplasm and the large central loop containing the putative ATP and substrate binding sites would be exposed in the cytoplasm. Ten phoA gene fusions were created to test this predicted topology before the reliable subcellular fractionation data mentioned above were available. The fact that we obtained two different irp2-phoA gene fusions encoding active alkaline phosphatase was initially regarded as evidence for export of HMWP2. The alkaline phosphatase activity detected could not be explained by the delayed activation observed by others (7, 7a) but was due to H2-mediated export of the PhoA part of the hybrid polypeptide. Indeed, near-full-length PhoA polypeptide was released when the cells producing hybrid E were converted into spheroplasts, indicating that it was free in the periplasm. Therefore, the H2 segment can promote efficient PhoA export across the cytoplasmic membrane. This would be compatible with the proposed topology of HMWP2 in the cytoplasmic membrane (see the introduction), according to which PhoA fused upstream of H2 would not be active (exported), as was indeed observed.
The data indicating the HMWP2 is mainly cytoplasmic caused us to reinterpret the data obtained with the phoA gene fusions. In particular, we questioned the origin of the very abundant 50-kDa polypeptide, which was almost the same size as native PhoA, in the periplasm of cells producing the PhoA ϩ hybrids C, D, E, and to a lesser extent, B. For example, we considered the possibility that the 50-kDa polypeptide could result from translation initiation at a site just upstream from the region of the HMWP2 mRNA coding for H2 or from degradation of the full-length HMWP2-PhoA hybrid in the cytoplasm and its subsequent export across the cytoplasmic membrane. In apparent agreement with the latter idea, fulllength hybrid E was not degraded by proteinase K in sphero- plasts, suggesting that it might not face the periplasm, but full-length PhoA ϩ and PhoA Ϫ hybrids were found mainly or exclusively in the particulate fraction, indicating that they are either membrane associated or aggregated. Two novel derivatives of the HMWP2-PhoA hybrid E were constructed to test the two explanations for the origin of the 50-kDa polypeptide. In the E1 gene fusion, translation initiated at the LacZ ATG just upstream from the H2 segment resulted in the production of a highly active (and therefore presumably exported) PhoA hybrid, confirming that H2 alone can drive PhoA export. However, the E2 hybrid, in which translation is artificially initiated 98 codons upstream from H2, was not degraded and was highly active. Therefore, neither aberrant translation initiation nor degradation of the full-length hybrid to produce an approximately PhoA-sized polypeptide can explain PhoA export to the periplasmic side of the cytoplasmic membrane.
There is at least one other, apparently plausible explanation for the appearance of high alkaline phosphatase activity in strains producing the HMWP2-PhoA hybrids C, D, and E. In this scenario, the H2 segment of HMWP2 normally interacts with another segment of the polypeptide, as determined by its tertiary structure, or is followed by a translocation poison sequence which blocks the signal sequence activity of the H2 segment. Replacement of all of the segment of HMWP2 downstream from H2 by PhoA directly or indirectly removes the site with which H2 normally interacts, or removes the translocation poison sequence, thereby allowing it to perform the novel function of promoting PhoA export. In other words, the creation of these particular PhoA hybrids unmasked a normally cryptic export signal. Interestingly, fusion of PhoA to two other sites located further downstream from H2 (hybrids A and B) resulted in the appearance of at best only low levels of alkaline phosphatase activity. This might indicate that the 39-aminoacid region between the B and C or D fusion junctions in HMWP2 contains the sequence with which H2 interacts (or the translocation poison sequence) so that its export activity remains cryptic. In the case of hybrid B, unmasking of the signal sequence activity of H2 seems to be only partial, leading to the appearance of relatively low levels of alkaline phosphatase activity and of the ca. 50-kDa polypeptide equivalent to the major, PhoA-sized breakdown product detected in cultures producing hybrid E. Alternatively, the region between positions 1756 and 1793 might contain a stop transfer signal which prevents the translocation of PhoA sequences located downstream from it. In this scenario, PhoA in hybrids A and B could be anchored to the cytoplasmic membrane facing the cytoplasm. We note, however, that the region of HMWP2 between positions 1756 and 1793 does not seem to contain a region of sufficient overall hydrophobicity to function as a classical stop transfer/membrane-spanning segment.
Trace amounts of apparently cytoplasmic membrane-associated HMWP2 were sometimes observed (Fig. 9 ). This might represent nonspecific association or entrapment within sealed membrane vesicles, or it might be the remains of an initially more abundant form of the protein associated with the cytoplasmic face of the cytoplasmic membrane which was dissociated during lysis and fractionation. Since HMWP2 is probably involved in iron-regulated nonribosomal peptide synthesis (8), we believe it possible that HMWP2 associates with proteins involved in other steps in peptide synthesis and that the entire complex might indeed be associated with an integral cytoplasmic membrane protein by which the product is excreted. This association should not occur in E. coli K-12 carrying pIR2, since proteins involved in other steps in this process are unlikely to be present in this bacterium. In any case, the data presented here indicate that any such membrane association which occurs in Y. pseudotuberculosis must be very labile, making it necessary to stabilize it by chemical cross-linking before it can be visualized.
